T HE most productive approach to study aging, undoubtedly, is the analysis of longevity mutants. The freeliving nematode species Caenorhabditis elegans is particularly well suited because of its short life span and high fertility, and the ease by which mutants can be isolated and studied genetically by combining breeding and molecular analyses. Several long-lived mutants are currently known: spe-26(itl!8), spe-26(hcl38), and rad-8(mnl62) have weak life prolonging effects (1,2). Their relevance as to the fundamental causes of aging remains to be established. The other mutants define two distinct classes. One of these comprises mutations in genes that have an essential function in dauer formation. The dauer stage is an alternative juvenile stage, which is formed in adverse environmental conditions of elevated temperature, crowding, and limited food supply. Dauer larvae have an altered and very impermeable cuticle and do not feed. They are exceptionally long-lived and have been called nonaging because the timing of temporal biological processes seems to be suspended during this stage. Total life spans of worms passing through the dauer stage and those developing continuously through the four larval stages are identical, if the time spent in the dauer stage is ignored (3). Long-term survival of dauers is facilitated by their hyperresistance to various forms of environmental stress, including oxidative and thermal stress (4,5). Under more favorable conditions they may resume growth and molt to the fourth larval stage.
T HE most productive approach to study aging, undoubtedly, is the analysis of longevity mutants. The freeliving nematode species Caenorhabditis elegans is particularly well suited because of its short life span and high fertility, and the ease by which mutants can be isolated and studied genetically by combining breeding and molecular analyses. Several long-lived mutants are currently known:
spe- 26(itl!8) , spe-26(hcl38) , and rad-8(mnl62) have weak life prolonging effects (1, 2) . Their relevance as to the fundamental causes of aging remains to be established. The other mutants define two distinct classes. One of these comprises mutations in genes that have an essential function in dauer formation. The dauer stage is an alternative juvenile stage, which is formed in adverse environmental conditions of elevated temperature, crowding, and limited food supply. Dauer larvae have an altered and very impermeable cuticle and do not feed. They are exceptionally long-lived and have been called nonaging because the timing of temporal biological processes seems to be suspended during this stage. Total life spans of worms passing through the dauer stage and those developing continuously through the four larval stages are identical, if the time spent in the dauer stage is ignored (3) . Long-term survival of dauers is facilitated by their hyperresistance to various forms of environmental stress, including oxidative and thermal stress (4, 5) . Under more favorable conditions they may resume growth and molt to the fourth larval stage.
Mutations in dauer formation can either affect the ability to form dauers (Daf-d, dauer defective) or activate dauer formation under conditions that favor non-dauer development of wild-type worms (Daf-c, dauer constitutive). Mutations in daf-12 belong to the first class, whereas mutations in daf-2, daf-23, and age-1 cause the Daf-c phenotype. Many of die latter mutations are conditional temperature-sensitive (ts) mutations, e.g., daf-2(e!370) forms dauers at 25°C, and the alleles hx542 and hx546 of the gene age-1 induce dauer formation at 27°C (6, 7) . Recent evidence suggests that these alleles may be identical (T. Johnson, personal communication). Nonconditional alleles of the gene daf-23 were detected in visual screens and collected by propagating their heterogenous siblings (8, 9) . Analysis of genetic interactions and complementation data suggest that daf-23 and age-1 are allelic (6, 10) , but some uncertainty still exists as no defects were identified in the open reading frame (11) .
Particular alleles of age-1 and daf-2 also affect adult life span, e.g., the alleles zlO, zl2, and z25 alleles of age-1 increase life expectancy with an average of 46% (12) and hx546(hx542) increases life span by 65-100% (13, 14) , and daf-2(el370) mutants live more than twice as long. The effect of mutation in daf-12 depends on its interaction wil:h other genes. The single mutation (m20) in this gene does not extend, rather reduces life span slightly in a daf-2(+) background, but daf-2(el370);daf-12(m20) strains live four times longer than wild type (15) . These three genes act in a com-
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mon life-span pathway, upstream oi daf-16 and probably daf-18 as well, since life extension is suppressed by mutation in daf-16 and daf-18 (8, 11, (14) (15) (16) . There is some evidence that the long-lived daf-2 and age-1 mutations activate a subset of a life-extending survival program that is normally only activated in the dauer stage (14) (15) (16) (17) . Indeed, age-1 and daf-2 mutant worms show increased multistress resistance during adult life, and they have a metabolism that is similar to that of dauers in several, though not all, aspects (18) (19) (20) (21) (22) (23) .
Mutations in any of the Clk genes (clk-1, clk-2, clk-3, gro-1) also cause weak to moderate increases of life span, but worms harboring mutation in two different Clk genes can live twice as long, and worms having mutations in a Clk gene and daf-2 or age-1 can live up to six times longer than wild type (24, 25) . The Clk genes are likely involved in the general control of timing, as time-counting processes proceed at a slower rate in these mutants, including progression through the cell cycle, embryonic and larval development, and rhythmic behaviors such as pumping, defecation, movement, and egg laying. It is presently not clear whether these Clk mutations act in the same pathway as daf-2, daf-12, and age-1, because conflicting results have been reported for the ability of daf-16 mutations to suppress the Clk longevity phenotypes (11, 25) . Lakowski and Hekimi (25) suggested that the Clk mutations lengthen life span by lowering metabolic rate. Subsequent work (26) revealed that CLK-1 protein is similar to the yeast metabolic regulator Cat5p (=Coq7p).
In order to better understand the mechanisms underlying life-span determination and senescence, we have examined survival of isogenic strains carrying single and multiple mutations in the age-l/daf-2 pathway of life-span determination. We report that the age-specific decreases of light production potential and tyrosine kinase activity and increases of alkaline phosphatase activity are much weaker in age-1 and age-1 ;daf-2 mutant strains and virtually absent in daf-2 and daf-2;daf-12. We propose that daf-2 is the major effector of metabolic, particularly anabolic, activity and downregulates metabolic activity in the adult organism with increasing age. In this model, daf-12 additionally stimulates oxygen consumption independently of daf-2.
MATERIALS AND METHODS
Strains and culture methods.-Nematodes were routinely grown on 1.5% Nutrient Agar (Life Technologies, Paisley, Scotland), supplemented with 10 ug/ml cholesterol and seeded with the wild-type Escherichia coli strain 9001 at 15-17°C. For axenic culture a basal medium containing 3% (w/v) soy-peptone and 3% (w/v) yeast extract was autoclaved for 20 min at 121°C. A 5% (w/v) solution of hemoglobin (Serva, Heidelberg, Germany) in 0.1 M KOH was autoclaved separately for 10 min. After cooling, Hb stock solution was diluted 100-fold in basal medium. Both Hb stock solution and complete medium can be stored frozen until use. Complete medium does not need supplementation with sterol.
Two N2 lines were used as wild-type controls. They are designated N2(ANC), the ancestral line obtained from the Caenorhabditis Genetics Center (University of Minnesota, St. Paul), and N2(CB), originally obtained from the Laboratory of Molecular Biology, Medical Research Council (Cambridge, UK) in the early 1990s. The fer-15{b26ts) and fer-15(b26ts) age-l(hx542) double mutant strains were obtained from T.E. Johnson (Boulder, CO), daf-2(el370ts);daf12{m20) was obtained from James Thomas (Seattle, WA) and daf-12(m20) was from the Caenorhabditis Genetics Center. The construction of fer-15(b26ts) age-1 (hx542);daf-2(el370ts) was described elsewhere (Vanfleteren et al., manuscript in preparation). Phenotypes are abbreviated as follows: Age (extended life span), Daf-c (constitutive dauer formation), Daf-d (defective dauer formation), Fer (fertilization defective), ts (temperature-sensitive).
Establishment and harvest of large isochronous populations.-This was performed as described previously (27) with slight modification. Thus, concentrated E. coli (pelleted cells, suspended in equal volumes of S buffer, dripped into liquid nitrogen and stored at -80°C) were added to the plates as needed to prevent precocious clearing of the bacterial layer. At harvest, worms were now also additionally sedimented through Percoll, whenever the standard sucrose wash (28) failed to remove dead worms sufficiently, as judged from microscopic examination. We have modified the Percoll wash technique (29) for use with large samples as follows. Aliquots containing approximately 1 X 10 6 worms (initial densities in liquid culture were 6,000-7,000 worms/ml) were harvested, washed with sucrose, and resuspended in 20 ml S buffer in 50 ml conical centrifuge tubes; 25 ml of 36% (v/v) Percoll in S buffer was carefully delivered to the bottom of the tube using a 50 ml syringe equipped with a wide bore needle. The tubes were run in a swing-out rotor at 1,000 rpm for 2 min. The supernatant contained dead worms and worm carcasses, and was aspirated. The loose sediment of live worms was supended with S buffer. Percoll was removed by repeated sedimentation through S buffer. The yield of live worms was generally over 90%, even when the population at harvest contained over 50% dead worms. Efficient removal of dead worms was essential, because they readily transform into bags filled with E. coli cells, tending to falsify the analyses.
Assay of light production potential.-We have improved our previous assay method (22, 27, 30) in two ways. First, we found that a three-to fourfold elevation of the chemiluminescence response was obtained upon adding 100 ul of a mixture containing 2 mM NADH and NADPH each, in replacement for 1.5 mM NADPH only. Further increase of the nicotinamide coenzymes complement had little or no effect. Secondly, addition of KCN to 0.5-10 mM in the final reaction mixture yielded an additional threefold elevation, mainly resulting from inhibition of cytochrome oxidase (and thus locking up of all components of the respiratory chain in reduced form), rather than cytosolic SOD. We have routinely used 5 mM KCN to avoid any possible interference by cytosolic SOD. ter) and 50 mM Na/K phosphate buffer, pH 7.4. The tube was fixed in the holder of a Mini-Beadbeater (Biospec Products, Bartlesville, OK), which was placed in a cold (4°C) room, and shaken at 5000 strokes/min for 1 min. The zwitterionic detergent CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate) was next added to 1% (w/v); the tubes were kept on ice for 15 min and vortexed to speed up membrane disruption. The homogenates were centrifuged in the cold for 5 min. The resulting supernatant portion was carefully aspirated, transferred to a new tube, and centrifuged as before. The final supernatant portion was saved and used for protein and enzyme activity determinations. A 10-fold dilution in water was made for determination of alkaline phosphatase activity using a chemiluminescent assay (22) . Protein tyrosine kinase activity was measured using the ELISA-based assay kit 2 from Pierce Laboratory (Rockford, IL), following the manufacturer's guidelines, except that incubation temperature was 25°C. Phosphorylation time was 45 min. To fall within the useful range of the PTK assay standard curve, dilutions were made 50-1000-fold in 25 mM Tris.HCl (pH 7.2), containing 0.15 M NaCl, 0.05% Triton X-100, and 0.25 mM NaVO 3 and 0.25 mM Na 3 VO 4 to suppress phosphatase activity.
Protein determination.-The supernatant portion obtained after centrifugation of the homogenates at 10,000 rpm was generally not clear, due to suspended fat and/or lipoproteins, precluding direct protein determination methods. For that reason, samples were first heated in alkali, a technique also useful for measuring total worm protein.
Briefly, 18 ul homogenate, or suspended worms, were mixed with 2 ul 10 M NaOH, and heated at 70°C for 10 min. The concentration of the base was next lowered to 0.1 M by adding 160 ul distilled water, and protein was determined using the standard bicinchoninic acid method (Pierce).
Data analysis.-Averages were compared using a t (pairwise comparisons) or F (multiple comparisons) test. Regression analyses including significance tests were carried out as outlined in Sokal and Rohlf (31) .
RESULTS
Life spans of reference strains.-We found essentially similar life spans in monoxenic culture and at 25°C for an N2 strain (CB) which has been subcultured for several years, and its ancestor (ANC), stored in liquid nitrogen for many years, from which it was derived ( Table 1) . The mutant strain fer-15(b26), which was also assayed in paral- lei culture, lived longer (p < .001). In these experiments, FUdR was added at 50 uM final concentration to the culture medium, shortly before the onset of sexual maturity, to prevent progeny production. At this concentration it may cause a very slight extension of life span (Vanfleteren and De Vreese, manuscript in preparation). Daf-12(m20) was not included here; this mutation has no effect on life span in axenic culture.
N2, daf-12(m20), and fer-15(b26) have similar light production potential profiles during adult life.-We have previously developed a chemiluminescent assay to monitor age-associated changes of the metabolic potential of nematode tissue. Two separate experiments were set up, comprising three and four synchronously senescing populations (strains). Worms were sampled at 2-or 3-day intervals and stored frozen at -75°C. In the first experiment, FUdR (50 ug/ml) was added to all four cultures to prevent progeny production. To assess whether FUdR had any possible effect on the age-related decline, fer-15 was grown in parallel in the presence and absence of FUdR in the second experiment. As illustrated in Figure 1 , light emission declined invariably as a function of age, but the steepness of the decrease varied among experiments, possibly reflecting inadvertent changes of the experimental conditions. Pairwise comparisons (F test) revealed no significant differences between strains or presence or absence of FUdR.
The light production potential is under control of the interacting genes age-1, daf-2, and daf-12.-We have previously shown that senescing long-lived age-1 and daf-2 mutants have higher superoxide production potentials than wild-type, but worms mutant in both genes were not investigated. The m20 allele of daf-12 has by itself little effect on life span (15) and chemiluminescence potential (this study), but enhances life extension conferred by several daf-2 mutations, including el370 (15) . Thus, we asked what effect, if any, the m20 mutation has on the light production potential (LPP), and how LPP is modulated in daf-2;daf-12 doubles. Various mutants were assayed in parallel with a reference strain to control for variation between experiments. Our main experimental series comprised fer-15 (included as a non-Age control strain), daf-2, the doubles fer-15 age-1 and daf-2;daf-12, and the triple fer-15 age-1;daf-2, all grown and aged in parallel large-scale cultures, in the absence of FUdR (Figure 2 ). LI progeny was removed by repeated filtration of the cultures over a metal sieve (20 cm in diameter, 35 urn aperture) as needed and as previously described (27) . Life expectancies were generally reduced in this experiment, possibly due to overfeeding during larval life. This was judged necessary to avoid common problems with dense cultures such as dauer formation or burrowing in the agar. It has been known for long that overfeeding results in life-span shortening (32) . For poorly understood reasons, mass culture also tends to shorten life span, even when food supply, aeration, and accumulation of waste products are rigidly controlled, conditions under which our aging cohorts were maintained [ (29) of accelerated aging, relative to other age-synchronous mass cultures discussed in this study and in previous work. Thus, 50% survival was reached by day 8 for fer-15 and by day 12 for fer-15;age-l mutants. Live 5-and 7-day-old/er-15 and fer-15;age-l worms had a very healthy appearance, and they were blurred with unfertilized eggs. Their specific gravity, a parameter which increases with age (33), was higher than usual, necessitating higher sucrose concentrations to achieve effective sucrose floatation. Culture conditions were identical for all strains of this experimental series, and their life expectancies were decreased by a common percentage, allowing within-experiment comparisons. In order to control for possible bias due to the adverse conditions during larval life in this experiment, a second set of isochronous populations, originally designed for comparison of enzyme activities in eggs and larval stages, was grown further to provide a second set of aging populations that showed no curtailing of expected life spans. For clarity the first experiment conducted under harsher environmental conditions (possibly including crowding during development) resulting in reduced life span will be referred to as short-life-span cohort ( Figure 2) ; the second experiment will be referred to as normal-life-span cohort (Figure 3) . The general picture of the light production potential (LPP) profiles emerging from both survival experiments is as follows (Figures 2 and 3 ). First, LPP shows little alteration with age in strains having mutant alleles of age-1 or daf-2, or both, relative to the control strain fer-15, which has the WT alleles of these genes. Second, the difference between the Age strains and the control is blown up under the adverse conditons of the short-life-span cohort. Here, LPP decreases by more than 50% from day 5 to 7. Unfortunately, the slope of the regression line ( b = -.83) is not a very useful statistic as it is based on only two entry points; later data are lacking, as this cohort became extinct (> 90% dead worms) by day 9. Even so, an F test for equality of slopes indicated homogeneity (p = .210) when/er-75 was excluded from this comparison, heterogeneity (p = .024) Figure 2 . Variation of the light production potential with age in fer-J5(b26) (control) and various Age strains. This cohort (denoted as "shortlife-span cohort") was characterized by reduced life spans for all genotypes, likely resulting from stressed culture conditons during the initial four days of age, when dense populations were grown on agar plates at 15-l7°C, and shifted to 25°C after reaching the third larval stage, to block reproduction. Dotted lines indicate nonsignificant regression because of lack of data (fer-15) or nonsignificant alteration with age (daf-2, daf-2;daf-12). Bars represent SEM of three replicate determinations.
when it was included (Figure 2) . Interestingly, the level of LPP was reduced by about 50% in daf-2;daf-12 double mutants in the short-life-span cohort only (Figures 2 and 3) .
Alkaline phosphatase activity: additive effects of regulatory and environmental factors.-We previously reported that alkaline phosphatase (ALP) activity increased strongly with age in fer-15, moderately so in fer-15 age-1, and hardly, if at all, in daf-2 (22) . Therefore, we speculated that monitoring of ALP activity in worms having various combinations of age-1, daf-2, and daf-12 might provide indication as to how these genes interact. The larger dataset from this study, however, revealed some problems associated with alkaline phosphatase profiles. Thus, ALP activities may increase steeply or very weakly with age in different experiments in response to poorly understood environmental cues (Figure 4, cohorts 1 and 2 vs 3) . In some experiments ALP activity reached a plateau, or a maximum, at age 7-9 days. This profile was sometimes, but not always, seen when the worms were allowed to mature and to age in the presence of 50 uM FUdR (Figure 4, cohort 2) , and was Age (days) Figure 3 . Variation of the light production potential with age in fer-15(b26) (control) and various Age strains. Life spans were as expected under standard environmental conditions (referred to as "normal-life-span cohort"). Dotted lines represent nonsignificant regression; bars represent SEM of three replicate determinations. not seen in FUdR-free culture medium, suggesting a possible effect of the drug on ALP activity. Alternatively, elevated levels of ALP activity in dying embryos might cause this effect, which then could be expected to be more prominent in strains having high reproductive potential. A potential third source of ambiguity is the possibility of bacterial contamination in the nematode samples, particularly at old age. Dead worms may carry many bacteria, providing a source of exogenous ALP when not sufficiently removed by the cleaning procedure (29) . Sporadically, a minor fraction of senescent worms may even show symptoms of infection with bacteria at the vulvar and rectal regions, when still alive. Samples showing unexpected increases of ALP activity were therefore checked for putative bacterial contamination by careful microscopic examination, and compared with the previous harvest. Microscopic inspection using Nomarski optics is quite rapid and effective, and suspect data were rejected.
The ALP activity profiles showed substantial variation among experiments. High initial and steeply increasing levels consistently correlated with short survival. For example, we noticed that N2 and fer-15 lived longer in cohort 3 relative to cohorts 1 and 2 in Figure 4 (no quantitative data available). Low initial levels were also measured in.sam- Age (days) Figure 4 . Variation of alkaline phosphatase activity with age in non-Age strains. Within each cohort all strains were raised and allowed to age in parallel. The lower values observed with cohort 3 illustrate that ALP levels are very dependent on environmental (culture) conditions. Bars represent SEM of triplicate determinations.
pies taken from the normal-life span cohort ( Figure 5 ). Traces of bacterial infection of 12-day-old fer-15 were detected by microscopic examination; therefore, these data were not used for linear regression analysis. Although the sudden increases measured in 15-day-old daf-2 and 12-and 19-day-old daf-2;daf-12 likewise raised suspicion of bacterial contamination, microscopic examination was negative.
Under the conditions of the short-life-span cohort (Figure 6 ), life expectancy was substantially (by approximately 50% for fer-15) reduced; elevated initial levels of ALP activity and much steeper age-related increases were measured, particularly in fer-15 and fer-15 age-1. It must be stressed that there was no visible bacterial contamination to speak of. In contrast, age-dependent changes of ALP activ-B386 VANFLETEREN ETAL. ity were lower in fer-15 age-1 ;daf-2 and essentially absent in daf-2 and daf-2;daf-12.
Young adult daf-2 and daf-2;daf-12 contained embryonating eggs in contrast to worms mutant in fer-15. Thus, high levels of ALP in embryonating eggs might hide age-specific increases of APL activity starting from very low levels in young adult tissue. To investigate this possibility a separate experiment was set up to monitor levels of ALP activity in embryonating eggs and larval stages of fer-15 and the Age strains. In this experiment, all necessary precautions were taken to avoid crowding of the juvenile stages (adult stages were also sampled to obtain the nematode samples constituting the normal-life-span cohort, as explained previously). The ALP activity profiles are shown in Figure 7 . Activity was lowest in embryonating eggs and rose during postembryonic development followed by a small but significant (p < .001 for pooled samples) decrease in mature (5-day-old) worms. These results show that ALP activity in embryonating eggs is only a minor component of total ALP measured in reproductive daf-2 and daf-2;daf-12 worms.
Protein tyrosine kinase activity.-We have previously (34) reported that protein tyrosine kinase (PTK) activity decreased Age (days) Figure 6 . Alkaline phosphatase activities of worms (short-life-span cohort) taken from the same batches also used for assaying the light production potential represented in Figure 2 . Dotted lines represent nonsignificant regression; bars represent SEM of three replicate determinations. steeply at old age in fer-15(b26) mutant worms, much more slowly in fer-15(b26) age-l(hx546) and hardly so, if at all, in daf-2(el370). The effect of the m20 allele of daf-12 was not investigated. In this study we have tested for the possible interaction between the three genes by measuring the agespecific PTK activities in mutants containing various combinations of age-l(hx542), daf-2(eI370), and daf-12(m20). Source tissue was taken from both short-and normal-lifespan cohorts, and a separate experiment was set up in which daf-12(m20) was aged in parallel with fer- 15(b26) , in the presence of FUdR to block reproduction (Figure 8 ). PTK activity levels decreased consistently with age in fer-15 mail three replicate experiments (Figures 8-10 ) showing substantial differences of both initial (5-day-old worms) values and steepness. The former essentially reflect a decline of assay performance. Indeed, we have noticed an ever decreasing sensitivity of the consecutively purchased assay kits, since our first measurements of worm PTK activities (34) , as evidenced by the ever decreasing optical densities measured for the standard curves. Consequently, much less diluted tissue homogenates were assayed in our most recent assay ( Figure 9 ). Sample dilution appeared to affect the correct estimation of the absolute PTK activity levels but did not compromise within-experiment comparisons.
The differences of slope values calculated for the normal ( Figure 9 ) and short ( Figure 10 ) life span cohorts indicate that a rapid decline of PTK activity correlates with shorter life. PTK activity appeared to decline faster with age in the order fer-15 > fer-15 age-1 ^fer-15 age-l;daf-2 > daf-2 > daf-2;daf-12. In fact, PTK activities varied essentially independently of age in daf-2 and daf-2;daf-12. Comparison of the PTK profiles obtained for daf-2;daf-12 in Figures 9 and  10 suggests that the aberrantly low activities measured at 5 and 20 days of age in the "short survival" experiment may have no biological relevance. Age (days) Figure 10 . Protein tyrosine kinase activity levels of worms (short-lifespan cohort) taken from the same batches also used for assaying the light production potential and alkaline phosphatase activity shown in Figures 2  and 6 . Dotted lines indicate nonsignificant regression; bars denote SEM of three replicate determinations.
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DISCUSSION
Considerable variation in life span has been reported for N2 strains from different localizations (D. Gems, personal communication) under identical conditions. In the present study we found no difference in life span or markers of aging such as LPP and ALP between an N2 strain that was obtained from the Laboratory of Molecular Biology (Medical Research Centre, Cambridge, UK) in early 1990 and the ancestral strain N2 (ANC) distributed by the Caenorhabditis Genetics Center. We recommend that N2 (ANC) be used as the ultimate control strain in future aging research.
We have attempted to better understand the action of the gerontogenes age-1 and daf-2, as well as their interactions with each other and with daf-12, by examining markers of senescence, such as LPP, ALP, and PTK activities. In our previous work we designated the potential of freeze-thawed nematode tissue to produce light in the presence of reduced nicotinamide nucleotides and lucigenin "light production" or "superoxide production potential," because under the conditions of the assay lucigenin is diagnostic for superoxide (22, 27, 30) . However, recent work by Liochev and Fridovich (35, 36) has shown that lucigenin, after being reduced univalently by cellular enzymes, can either react with superoxide to elicit luminescence or react with oxygen, thereby generating superoxide. Thus, lucigenin can act both as a source and a detector of superoxide, compromising its use as a reliable measure of "cellular" superoxide. Consequently, we will designate the potential of freezethawed tissue to produce light LPP uniquely. The rationale of our assay remains unchallenged as we interpret LPP as a measure of potential metabolic activity (metabolic potential) and all superoxide formed, including the lucigeninmediated complement, witnesses metabolic activity.
All three biomarkers indicate that senescence is delayed in age-1 and daf-2 mutants and that the presence of both mutations has no cumulative effect. In fact, the age-1;daf-2 double mutant is more similar to age-1 than to daf-2. While daf-12 has by itself no visible effect on the LPP and ALP, it appears to cause a substantial depression of these markers of senescence in the double mutant daf-2;daf-12 in one experiment, in which all worms were subject to harsh environmental conditions during larval development. These conditions led to earlier death for all genotypes tested. However, in a replicate experiment conducted under more favorable conditions and in which survival was normal, no reduction of LPP nor ALP was found in daf-2; daf-12 double mutants relative to daf-2 singles. It is only fair to note that there is no firm statistical evidence supporting these conclusions. Only a few of the slopes obtained for the short-and normal-lifespan cohorts are statistically significant. Major causes of statistical indeterminacy are (a) the availability of only two data entries for the control strain in the short-life-span cohort, (b) (almost) total independence of enzymatic activities and age in daf-2 and daf-2;daf-12, and (c) considerable variance in the dataset. Hence, our conclusions are mainly based on the very similar major trends observed in both short-and normal-lived cohorts. Indeed, the different age declines between strains in the normal-lived cohort are just enhanced in the short-lived cohort, presumably by the adverse conditions imposed during larval development.
Interpretation of our experimental results is facilitated by the recent cloning of daf-2, daf-12, and age-1 (assuming that age-1 and daf-23 do indeed define the same gene; see introductory section). The latter gene encodes a homologue of the mammalian 110 kDa subunit of phosphatidylinositol 3'-kinase (10). Interestingly daf-2 was recently reported to encode a close homologue of mammalian insulin receptor kinase (37) . In mammalian tissue the insulin receptor activates PI 3'-kinase in a signaling pathway (38) . daf-12 encodes a member of the steroid/thyroid receptor superfamily. Epistasis analysis positions daf-12 in a negative regulatory loop with daf-2 in the pathway leading to dauer formation: daf-12 is required for dauer formation, daf-2 is needed for progression to the third larval stage. Ordering daf-2 and daf-12 in a genetic hierarchy for life-span determination was hampered by complex allele-specific mutant interactions (15) .
We can now integrate this knowledge with our current understanding of the function of insulin and thyroid and glucocorticoid hormones in the regulation of the intermediary metabolism and oxygen consumption in mammals to propose a model to explain the biochemical functions of daf-2 insulin receptor kinase, daf-12, and age-1 PI 3'-kinase in the regulation of dauer development and the specification of life expectancy in C. elegans. We propose that under conditions favoring continuous growth, an insulin-like ligand is synthesised; this activates the daf-2 insulin receptor, which transmits the signal to downstream signaling molecules, including age-1 PI 3'-kinase. The outcome of this signaling includes activation of non-dauer metabolic activity and repression of a multistress response program. Under dauer-inducing conditions, synthesis of the insulin-like ligand is repressed, resulting in silencing of the insulin receptor PI 3'-kinase signaling pathway, and activation of the dauer-specific survival program, which is characterized by restriction of metabolic activity and oxygen consumption and enhanced resistance to environmental stress.
It is tempting to compare the negative regulatory interactions between daf-2 and daf-12 with the complex interplay of insulin and the thyroid and glucocorticoid hormones to regulate many aspects of mammalian intermediary metabolism. Insulin acts through the insulin receptor, the thyroid and glucocorticoid hormones through cytoplasmic/nuclear receptors, which belong to a protein family of transcription factors that also includes DAF-12. Insulin is anabolic, the glucocorticoids are catabolic, and they are involved in stress resistance. The thyroid hormones stimulate oxygen consumption. By analogy we assume that DAF-12 also positively regulates metabolic rate. For the model to work, we must assume that DAF-2 also controls metabolic rate to explain the decline of oxygen consumption in dauer larvae, where daf-2 is OFF. We assume that downregulation of DAF-2 insulin receptor activity causes suppression of inhibition of the dauer-specific survival program. Consequently dauer-specific metabolism is initiated, including downregulation of TCA cycle (hence reduced respiration), but not glyoxylate cycle enzyme activities (39) .
We further propose that both daf-2 and daf-12 are ON in wild-type worms during their adult lives, daf-2 represses the stress resistance survival program and activates anabolic metabolism to drive high reproductive effort. In addition, daf-2 downregulates metabolic activity progressively with age by an unknown regulatory mechanism. We assume that daf-2 is the major component regulating metabolism during adult life. The effect of reduction-or loss-of-function mutations in daf-12 may not readily be detectable in a daf-2(+) background. In daf-2(e!370) mutant worms the stress-resistant survival program is activated, and less resources are diverted to reproduction, daf-12 activity sustains metabolic activity and in the absence of the age-specific metabolic repressor function of daf-2 there is little decline of metabolic activity with age. In daf-2;daf-12 double mutants, metabolic activity cannot be properly stimulated, which may be witnessed by the reduced light production potential measured in these mutants in adverse conditions.
It has been suggested that daf-2 and age-1 function together in the same signaling pathway (6, 8, 11, 14, 15) . Our present results are essentially compatible with the proposal that age-1 is a major signaling output of daf-2 (37). Indeed, mutation in both age-1 and daf-2 caused no stronger biochemical phenotype than a single mutation. The finding that the phenotype of the age-l(hx542);daf-2(el370) double is more hx542-like may suggest that additional regulatory pathways may be involved, however.
Our model is also helpful in understanding the effect of caloric restriction in prolonging life. C. elegans lives almost twice as long in axenic culture as on a bacterial diet. The retarded maturation and substantially reduced brood size in axenic culture are commonly ascribed to calorie restriction. We hypothesize that low levels of insulin-like ligand produced under these conditions may not sufficiently activate DAF-2 insulin receptor resulting in less effective repression of subset(s) of the dauer survival program, including a stress response mechanism. This stress response mechanism, elicited by calorie restriction, might then counteract the natural decline of metabolic capacity in the aging soma, possibly by increasing key enzyme activities, similar to what appears to happen in the Age mutants. The life-prolonging effect of dietary restriction is widespread over the animal kingdom. In fact, calorie restriction has been found to be the only way to extend life span convincingly. Interestingly, diet-restricted rats had elevated respiratory capacities at all ages in one experimental study (40) . Conceivably, dietary restriction might also activate a life-extending survival mechanism in mammals, and it has been suggested that the glucocorticoid system may be involved (41) . Obviously, this model is at odds with the widespread belief that dietary restriction would act primarily through restricting metabolic rate, thereby slowing free-radical production (i.e., the rate of living hypothesis).
From an evolutionary point of view, any mechanism that permits survival and postponed reproduction under unfavorable conditions and allows the individual to resume development in more permissive conditions would be a selective advantage (41) (42) (43) . The characterization of a gene in Saccharomyces cerevisae that can be switched ON or OFF to increase thermotolerance and prolong life depending on the environmental conditions, indicates that subtly regulated life-span-prolonging mechanisms likely have a long evolutionary history (17, 44) 
